Through use of the response theory of optical forces, we show that radiation pressure generated within step index waveguides can be computed exactly and simply from the waveguide dispersion. In the absence of electrostrictive effects, we show that optical forces are only manifest on the boundaries of a dielectric waveguide. As a consequence, the principle of virtual work can be used to express the total optical force (or mean radiation pressure) acting on the boundaries of the waveguide in terms of the modal effective index. Through use of this relationship, exact agreement is found between the optical forces computed using waveguide dispersion and with the Maxwell stress tensor.
Recent studies of radiation pressure have revealed that large forces can be generated in nanometer-scale waveguides and cavities as a consequence of the high confinement and tremendous field enhancements generated within such systems [1] [2] [3] [4] [5] [6] . In many cases, such optical forces can significantly impact the mechanics of bodies at micro-and nano-scales, yielding useful mechanical transduciton and actuation through use of micro-to milli-watt power levels [1] [2] [3] [4] [5] [6] .
In recent work, we have shown that radiation pressure is highly tailorable, and scales to large values in the context of high index-contrast optical waveguides, showing great promise in for use in novel optomechanical systems. In this paper, we use of the response theory of optical forces to demonstrate that radiation pressure generated within step index waveguides can be computed exactly and simply from the waveguide dispersion.
We begin by examining the spatial distribution of the optical forces generated in an idealized rectangular silicon waveguide of the type seen in Fig. 1 . We assume that the elasto-optic coefficients are zero. As a consequence, all optically generated forces in the system can be attributed to radiation pressure [3] . The force distribution within the dielectric waveguide can be computed using the following form of the Maxwell stress tensor
is the electric permittivity (magnetic permeability) of free space, and (µ) is the relative electric permittivity (magnetic permeability). The force density (force per unit volume) generated from radiation pressure and gradient forces are computed from T ij as F rp j = ∂ i T ij . Example force distributions generated by the TE-like mode within a rectangular silicon waveguide can be seen in Fig show the computed intensity maps of F rp y and F rp x components of the power normalized force density (force per unit volume) respectively, revealing that optical forces within the system (i.e., radiation pressure) appear to act only the boundaries of the waveguide system.
Moreover, one can prove that that optical forces vanish within the volume of the dielectric waveguide. Proof follows from the fact that the force density within dielectric media can be expressed as
Since the gradient of (x, y) vanishes for all positions excluding the boundary of the waveguide, one can see that no forces exist within the guide. This fact points to a simple means of computing radiation pressure in optical waveguides through virtual work. Next, we develop a perturbative treatment of optical forces, leading to a simple relationship between the spatially averaged radiation pressure acting on the waveguide boundary and the waveguide effective index. A relationship of this form is useful since the radiation pressure 100 WB2.3 11.15 -11.30 U.S. Government work not protected by U.S. copyright acting on the various boundaries of the waveguide system can vary dramatically with waveguide dimension [3] .
Through perturbative treatment, we consider the optical forces produced in silicon waveguides of the type seen in Fig. 2 . Throughout, we assume that a guided optical mode, carrying an incident power, P , travels through TE waveguide mode. Using the principle of virtual work, we consider a virtual displacement of the waveguide boundaries, δa, and the change in total energy (or virtual work), δU , associated with this displacement. Through a virtual displacement, of the type illustrated in Fig. 2 , the waveguide height (b) and length (L) are held fixed, while the waveguide width (a) is varied. In general, the displacement-induced change in energy, δU , will be of the form δU = δU M ech + δU EM , where δU M ech is the mechanical work performed on the system through elastic deformation of the waveguide material in the absence of an electromagnetic field, and δU EM is the change in electromagnetic energy resulting from the waveguide deformation. In this case, the optical force total optical force acting to deform the waveguide in the x-direction is simply
To evaluate the radiation pressure induced force component using Eq. 2, we seek a simple means of evaluating δU EM . Through use of th response theory of optical forces (RTOF), described in Ref. [2] , one can show that the spatially averaged radiation pressure,P opt x , acting on the lateral boundaries of the waveguide is
Above, c is the speed of light in vacuum and n ef f is the effective index of the waveguide mode. An analagous relationship can be derived for the spatially averaged radiation pressure acting on the top and bottom boundaries.P opt y . One can clearly see from Eqn. 3 that the spatially averaged radiation pressure can be simply computed from the variation in waveguide dispersion with waveguide dimension. This is powerful for the purposes of designing new optomechanical systems, since it relates the force to a simple scalar quantity, n ef f . The derivative dn ef f /da can be evaluated through perturbative methods, or numerically to compute the radiation pressure.
Through use of a full-vectorial mode solver, a comparison of this expression was made with that of the Maxwell stress tensor using a rectangular silicon waveguide over a range of waveguide dimensions. Figure 3 shows the results of this comparison. We find that the two methods agree within 0.1 percent. Furthermore, through use of Eqn. 1, one can show that Eqn. 3 is exactly equivalent to the forces computed using the Maxwell stress tensor.
In conclusion, through use of the response theory of optical forces, we have shown that radiation pressure generated in step index waveguides can be computed exactly and simply from the waveguide dispersion. We will also show that electrostrictive forces generated within the waveguide can also be treated in a similar manner. These results are powerful for the purposes of designing optomechanical systems, since relation of forces to a simple scalar quantity, such as n ef f , greatly simplifies the optimization of an optomechanical behavior. 
